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Administering Lactiplantibacillus fermentum F6
decreases intestinal Akkermansia muciniphila in a
dextran sulfate sodium-induced rat colitis model†

Qiuwen He,‡a,b,c,d Tao Zhang,‡a,b,c,d Weiqin Zhang,a,b,c,d Cuijiao Feng,a,b,c,d

Lai-Yu Kwok,a,b,c,d Heping Zhanga,b,c,d and Zhihong Sun *a,b,c,d

Probiotics are increasingly used to manage gut dysbiosis-related conditions due to their robust ability to

manipulate the gut microbial community. However, few studies have reported that probiotics can specifi-

cally modulate individual gut microbes. This study demonstrated that administering the probiotic,

Lactiplantibacillus fermentum F6, could ameliorate dextran sulfate sodium-induced colitis in a rat model,

evidenced by the decreases in the disease activity index score, histopathology grading, and serum pro-

inflammatory cytokine levels, as well as the increase in the serum anti-inflammatory cytokine levels.

Shotgun metagenomics revealed that the fecal metagenomic of colitis rats receiving the probiotic inter-

vention contained substantially fewer Akkermansia muciniphila than the dextran sulfate sodium group.

Thus, the probiotic mechanism might be exerted by reducing specific gut microbial species associated

with disease pathogenesis. A new paradigm for designing probiotics that manage diseases through direct

and precise manipulation of gut microbes has been provided through this study.

1. Introduction

The close association between gut microbiota and human
health has been demonstrated by a large body of correlational,
observational, and fecal microbiota transplantation (FMT)
studies conducted in the last decade examining alterations in
its composition and function across a range of diseases using
high-throughput multi-omics technologies.1–4 Metagenomics
and metabolomics data from various distinct cohorts have
shown changes in the gut microbiome and metabolome
between people with the condition and healthy controls, as in
the case of inflammatory bowel disease (IBD).5,6 IBD is a group
of disorders characterized by chronic intestinal inflammation,
including Crohn’s disease and ulcerative colitis (UC). It is an
example of digestive disease in that the gut microbiome and

metabolome are perturbed7,8 and clinical remission has been
achieved by FMT in some high-quality clinical trials.9–11 The
encouraging clinical intervention outcomes suggest that the
gut microbiome might be a crucial determinant of the onset
and progression of the disease and that restoring a healthier
gut microbiota could mitigate its symptoms, opening up new
clinical management opportunities for IBD and other diseases
resulting from gut dysbiosis for which there are currently no
cure-all treatments.

Akkermansia muciniphila (A. muciniphila) is a mucin-degrad-
ing bacterium that has often been detected in the gut of
humans and animals with UC.12 Some studies have reported a
reduction in the abundance of A. muciniphila,13–16 while others
have observed the opposite trend,17–23 suggesting a potential
negative or positive correlation with UC. More importantly,
these correlations have been further confirmed by some inter-
ventional studies showing that the consumption of
A. muciniphila can alleviate24,25 or aggravate26–28 disease
process, indicating that it has a dichotomous role in UC.
Regardless, attempts to maintain the homeostasis of
A. muciniphila in the gut would provide new insights into
disease prevention and treatment.

Probiotics are “live microorganisms which when adminis-
tered in adequate amounts confer a health benefit on the
host”.29 Evidence is accumulating that probiotics have become
one of the most prevalent gut microbiome-management tools
for a variety of gut-related disorders due to their robust
capacity to modulate the gut microbial community.30 As

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4fo00462k
‡These authors contributed equally: Qiuwen He and Tao Zhang.

aKey Laboratory of Dairy Biotechnology and Engineering, Ministry of Education,

Inner Mongolia Agricultural University, Hohhot 010018, China.

E-mail: sunzhihong78@163.com
bKey Laboratory of Dairy Products Processing, Ministry of Agriculture and Rural

Affairs, Inner Mongolia Agricultural University, Hohhot 010018, China
cInner Mongolia Key Laboratory of Dairy Biotechnology and Engineering, Inner

Mongolia Agricultural University, Hohhot 010018, China
dCollaborative Innovative Center for Lactic Acid Bacteria and Fermented Dairy

Products, Ministry of Education, Inner Mongolia Agricultural University, Hohhot

010018, China

5882 | Food Funct., 2024, 15, 5882–5894 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 2
:0

7:
49

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/food-function
http://orcid.org/0000-0001-8713-0796
https://doi.org/10.1039/d4fo00462k
https://doi.org/10.1039/d4fo00462k
https://doi.org/10.1039/d4fo00462k
http://crossmark.crossref.org/dialog/?doi=10.1039/d4fo00462k&domain=pdf&date_stamp=2024-05-29
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo00462k
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO015011


reported in multiple studies, a common symptom-alleviating
mechanism of probiotics on the disease is through modulating
the gut microbiome.31,32 However, few studies have pinpointed
the effect of probiotics on specific groups of gut microbes.
Thus, this study hypothesized that probiotics can target and
modulate specific gut bacterial taxa.

To confirm the hypothesis, we evaluated the modulatory
effects of a probiotic, Lactiplantibacillus fermentum F6 (L. fer-
mentum F6), on the gut microbiome in a dextran sulfate
sodium (DSS)-induced rat colitis model. We found that probio-
tic administration to diseased rats could specifically modulate
the abundance of intestinal A. muciniphila in the rats, which
was accompanied by the remission of symptoms of UC. Our
research provides a paradigm for probiotic-based precision
therapy for gut-related diseases.

2. Materials and methods
2.1. Probiotic strain

The probiotic strain, L. fermentum F6, was originally isolated
from traditional dairy products in Inner Mongolia, China. It is
characterized by a high tolerance to simulated gastrointestinal
juice and bile salts and a broad antibacterial activity.33

Packaged live probiotic powder of L. fermentum F6 (200 billion
CFU per g) was provided by the Key Laboratory of Dairy
Biotechnology and Engineering, Ministry of Education, Inner
Mongolia Agricultural University, China.

2.2. Construction of the DSS-induced colitis model and
probiotic intervention

All experiments involving rats were approved by the
Experimental Animal Ethics Committee of the Inner Mongolia
Agricultural University (approval code: NND2021087), follow-
ing the ARRIVE guidelines 2.0.34 Twenty-four 8-week-old
specific pathogen-free male Wistar wild-type rats were
obtained from Vital River Laboratories (Beijing, China). The
rats were housed in a standard specific pathogen-free environ-
ment in the animal house of the Key Laboratory of Dairy
Biotechnology and Engineering, Ministry of Education, Inner
Mongolia Agricultural University. Every two rats were main-
tained in an individually ventilated cage (temperature, 22 ±
2 °C; relative humidity, 45 ± 10%; a 12 h light/dark cycle) with
ad libitum access to water and food. After a 7-day acclimatiz-
ation period, all rats were randomly assigned to three groups
(n = 8 each group; ESI Fig. 1†): (1) control group: given drink-
ing water for seven days, followed by daily oral administration
of 2 mL sterile saline (Solarbio, Beijing, China) for 14 days; (2)
DSS group: given drinking water containing 3% DSS (mole-
cular mass 36–50 kDa, MP Biologicals, Solon, OH, USA) for
seven days, followed by daily oral administration of 2 mL
sterile saline for 14 days; (3) probiotic group: given drinking
water containing 3% DSS for seven days, followed by daily oral
administration of 2 mL sterile saline containing probiotics (4 ×
109 CFU per day) for 14 days.

The body weight of rats was recorded weekly throughout
the animal trial. After two weeks of probiotic intervention, the
fecal samples of rats were collected aseptically and stored
immediately at −80 °C for subsequent metagenome analysis.
Meanwhile, the parameters of weight loss, stool consistency,
and fecal occult blood were monitored to determine the
disease activity index (DAI) scores according to the guidelines
listed in ESI Table 1.† 35 Rats were fasted for 12 h before they
were sacrificed on day 22 by isoflurane (RWD Life Science,
Shenzhen, China) administration. Blood and colonic tissues
were collected for further processing and analyses.

2.3. Histopathology evaluation

A segment of the distal colon was cut off, flushed with sterile
saline, and then fixed in 4% paraformaldehyde (Solarbio,
Beijing, China) at room temperature for 24 h.
Paraformaldehyde-fixed colon tissues were embedded in
paraffin and sectioned (4 µm thick). Paraffin sections were
stained with hematoxylin and eosin (Servicebio, Wuhan,
China) using standard protocols. Images were acquired using
an upright optical microscope (Nikon Eclipse E100, Nikon,
Tokyo, Japan) with an imaging system (Nikon DS-U3, Nikon,
Tokyo, Japan). The histopathology of the colon tissues was
graded according to the guidelines provided in ESI Table 2.† 36

2.4. Enzyme-linked immunosorbent assays

To obtain rat sera, the collected blood samples were centri-
fuged at 3000 rpm at 4 °C for 10 min after standing at room
temperature for 60 min. The obtained sera were stored at
−80 °C until enzyme-linked immunosorbent assays for
measuring the levels of inflammatory cytokines, including
interleukin (IL)-6, IL-10, IL-1β, and tumor necrosis factor-α
(TNF-α) with commercial kits (Elabscience, Wuhan, China).
The measurements were performed according to the manufac-
turer’s instructions.

2.5. Extraction of fecal DNA and whole-genome shotgun
sequencing

Fecal metagenomic DNA was extracted from the frozen fecal
samples using a QIAamp Fast DNA Stool Mini Kit (Qiagen,
Hilden, Nordrhein-Westfalen, Germany) according to the man-
ufacturer’s instructions. The quality of the extracted DNA was
assessed with a NanoDrop 1000 Spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) and 1% agarose gel elec-
trophoresis. Qualified DNA samples were stored at −80 °C
before further analysis.

Sequencing libraries were generated with a NEBNext Ultra
II DNA Library Prep Kit (New England Biolabs, Ipswich, MA,
USA) following the manufacturer’s recommendations. The
quality of the constructed DNA libraries was confirmed with a
Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham,
MA, USA). Libraries were sequenced on a NovaSeq 6000 instru-
ment (Illumina, San Diego, CA, USA). All samples were paired-
end sequenced with a 150 bp read length to a targeted data
size of 3 GB.
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KneadData pipeline (https://huttenhower.sph.harvard.edu/
kneaddata) was used to preprocess the raw reads, with its
primary functions include filtering low-quality sequences via
Trimmomatic,37 and removing host-contaminated sequences
through Bowtie 2.38 The resulting clean data were taxonomi-
cally and functionally profiled using HUMAnN2 pipeline.39

2.6. Statistical analysis

All statistical analyses and graphical output of the data were
achieved using R (v4.2.3); and the graphics were combined
with Adobe Illustrator (v26.5.0). Data are expressed as mean ±
standard deviation.

General data. All data were analyzed by one-way analysis of
variance followed by Tukey’s test using stats package (v4.3.3).
Lowercase letters are used to indicate statistical significance.
Different letters indicate statistically significant differences at
the level of P < 0.05.

Metagenomic data. Taxonomic and functional alpha diver-
sity metrics, represented by Shannon and Simpson indexes,
were calculated with vegan package (v2.6-4), and statistically
analyzed by Kruskal–Wallis test followed by Wilcoxon rank-
sum test using ggpubr package (version 0.6.0). Taxonomic and
functional beta diversity metrics were calculated with vegan
package (v2.6-4) in combination with ape package (version
5.8), then statistically analyzed by permutational multivariate
analysis of variance (PERMANOVA, also known as Adonis ana-
lysis, Bray–Curtis dissimilarity, permutations = 999) using
vegan package (v2.6-4). Differential species and MetaCyc path-
ways between the two groups were determined by Wilcoxon

rank-sum test using rstatix package (0.7.2). Spearman’s corre-
lation analysis was performed using psych package (v2.4.3).
The topological properties of co-occurrence network were cal-
culated using ggClusterNet package (method: spearman, R
threshold: 0.6, P threshold: 0.05, v0.1.0). Significance levels are
as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
and NS (not significant). A P value of < 0.05 was considered
statistically significant.

3. Results
3.1. Administering L. fermentum F6 ameliorated DSS
treatment-induced colitis in rats

To assess the protective effects of L. fermentum F6 adminis-
tration in UC, a DSS-induced colitis rat model was constructed
(ESI Fig. 1†). The body weight of all three groups of rats
increased as the intervention trial progressed. A significant
difference was only seen at day 14 when the increase in body
weight was higher in the control and probiotic groups com-
pared with the DSS group (P < 0.05; Fig. 1A), suggesting that
the probiotic intervention could prevent DSS-related body
weight loss.

The DAI score reflects the health conditions of the rats. We
observed a significantly higher DAI score in the DSS group
compared with the control and the probiotic groups on day 22
(P < 0.05; Fig. 1B). Such results were consistent with the colon
histopathological examination and grading (P < 0.05; Fig. 1C
and D). These results suggested that the probiotic intervention
could reduce the severity of the disease.

Fig. 1 Dextran sulfate sodium (DSS)-induced colitis was ameliorated by oral administration of Lactiplantibacillus fermentum F6 to rats. (A) Body
weight change of rats in the control, DSS, and probiotic groups. (B) Disease activity index scores at the end of the animal trial form the three treat-
ment groups. (C) Representative histological images of distal colon sections stained with hematoxylin and eosin (scale bars, 100 μm) and (D) histo-
logical scores of the colon tissue of each experimental group. Statistical differences were evaluated with one-way analysis of variance followed by
Tukey’s test. Different letters indicate statistically significant differences at the level of P < 0.05. Error bars represent standard deviations.
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3.2. Administering L. fermentum F6 reversed DSS treatment-
induced inflammation

To evaluate the level of systemic inflammation of the rats, the
serum concentrations of several pro- and anti-inflammatory cyto-
kines were measured on day 22. The levels of all the measured
pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α) were signifi-
cantly higher in the DSS group compared with the control and
probiotic groups (P < 0.05; Fig. 2A–C). DSS treatment induced a
reduced serum IL-10 level, which was significantly reversed by
probiotic supplementation (P < 0.05; Fig. 2D).

3.3. Administering L. fermentum F6 decreased the
abundance of gut A. muciniphila in diseased rats

To investigate the changes in gut microbiota in association
with colitis and probiotic intervention, a total of 24 stool
samples from the three groups of rats were subjected to meta-
genomics sequencing analysis. The overall fecal metagenome
dataset comprised two kingdoms, seven phyla, 11 classes, 14
orders, 28 families, 44 genera, and 86 species (Fig. 3A). The
most dominant phyla were Firmicutes and Bacteroidetes
(60.12% and 32.94%, respectively). There were 20 species with
an average relative abundance greater than 1% across all
samples, mainly including Lactobacillus sp. ASF360,
Subdoligranulum unclassified, Lactobacillus murinus,
Lactobacillus johnsonii, Prevotella copri, Bacteroides massiliensis,
A. muciniphila, and Bacteroides caccae (Fig. 3B).

We then assessed the alpha and beta diversity of the
species-level fecal gut microbiota. Both the values of the
Shannon and Simpson’s diversity indices (representing the
alpha diversity) were non-significantly lower in the DSS group
compared with the control and probiotic groups (Fig. 3C and
D), suggesting that the probiotic intake could help conserve
the gut microbial diversity of DSS-treated rats. The beta diver-
sity analysis was assessed through principal coordinate ana-
lysis using Bray–Curtis dissimilarity distance, revealing a pro-
nounced difference in the gut microbial community structure

between the control and DSS groups (Adonis test, R2 = 0.158, P
= 0.034; Fig. 3E) but not between the DSS and probiotic group
(Adonis test, R2 = 0.053, P = 0.588; Fig. 3F). These results
suggested that the DSS treatment drastically affected the gut
microbiota structure of the rats, which was not restored by pro-
biotic intake.

Given that the probiotic intervention failed to improve the
overall alpha and beta diversity of gut microbiota disrupted by
DSS treatment, we then asked whether the probiotics acted on
specific gut microbes in UC remission. We first identified sig-
nificant differential taxa between the control and DSS groups
(P < 0.05, Wilcoxon rank-sum test), yielding two phyla, two
classes, one order, five families, and seven genera (ESI Fig. 2†).
Nineteen significant differentially abundant species were
identified, 14 and five of which were enriched in the fecal
microbiota of the control and DSS groups, respectively
(Fig. 4A). Specifically, the fecal microbiota of the control group
had significantly more Lactobacillus sp. ASF360, Bacteroides
massiliensis, and Bacteroides uniformis but fewer Bacteroides
thetaiotaomicron, Bacteroides fragilis, and Mucispirillum schae-
dleri compared with that of the DSS group (P < 0.05). Next, we
identified the significant differentially abundant taxa between
the DSS and probiotic groups, yielding one phylum, two
classes, two orders, two families, and two genera (ESI Fig. 3†).
At the species level, the abundance of one species,
A. muciniphila, was significantly more in the fecal microbiota
of the DSS group than in that of the probiotic group after pro-
biotic intervention (Fig. 4B), indicating that administering
L. fermentum F6 substantially lowered the intestinal abundance
of this species in the diseased rats.

Spearman’s correlation analysis was further performed to
investigate whether these discriminatory species were associ-
ated with the colitis indices (including body weight change,
DAI, and histopathology). Our results showed that 14 species
enriched in the control group showed weak to moderate
degree of negative correlations with DAI and histopathology
grade, whereas five species enriched in the DSS group exhibi-

Fig. 2 Administering Lactiplantibacillus fermentum F6 to dextran sulfate sodium (DSS)-treated rats lessened inflammation. Serum levels of (A) inter-
leukin (IL)-6, (B) IL-1β, (C) tumor necrosis factor-α (TNF-α), and (D) IL-10 in rats of the control, DSS, and probiotic groups. Statistical differences were
evaluated with one-way analysis of variance followed by Tukey’s test. Different letters indicate statistically significant differences at the level of P <
0.05. Error bars represent standard deviations.
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ted weak to moderate degree of positive correlations with DAI
and histopathology grade (Fig. 4C). A. muciniphila showed a
weak positive correlation with DAI (Fig. 4C). These results
provide evidence that administering L. fermentum F6 did not
drastically change the gut microbiota structure but fine-tuning
the gut microbiota of diseased rats that flavored UC remission,
accompanied by a drastic reduction in the intestinal abun-
dance of A. muciniphila.

3.4. The gut microbiota interconnectedness was enhanced by
the DSS treatment but reduced by the probiotic intervention

To investigate how the DSS treatment and probiotic interven-
tion affect the interactions between the gut microbes, we then
analyzed the gut microbiota interconnectedness by a co-occur-
rence network analysis. The fecal microbiota of the DSS group
had the strongest interconnectedness among the three sample

Fig. 3 Alpha and beta diversity analyses of the gut microbiota. (A) Taxonomic annotation of the fecal microbiota. The colors on the taxonomic tree
represent the phyla. The circles on the branches of the taxonomic tree from outside to inside are genus, family, order, class, and phylum. The outer-
most layer of the graph represents the species identified in all samples. The square represents the distribution of relative abundance of each ident-
ified species in each sample. (B) Dominant bacterial species with a mean relative abundance greater than 1% in all samples. (C) Shannon and (D)
Simpson’s diversity indices of the species-level fecal microbiota of the control, dextran sulfate sodium (DSS), and probiotic groups. Statistical differ-
ences were evaluated by Kruskal–Wallis test followed by Wilcoxon rank-sum test. NS (not significant). Error bars represent standard deviations.
Principal coordinate analysis (Bray–Curtis dissimilarity) score plots of species-level fecal microbiota of (E) control and DSS groups; (F) probiotic and
DSS groups. Statistical differences were calculated with PERMANOVA by 999 permutations. Ellipses represent 95% confidence intervals. In the box-
plots, the horizontal line represents the median of the data, the lower and upper bounds of the box represent the 25th and 75th percentile of data,
and the lower and upper whiskers represent the minimum and maximum of the data. The scattered points in the bars and boxes represent the actual
data points.
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groups (DSS group: 246 correlations including 187 positive and
59 negative correlations; probiotic group: 227 correlations
including 168 positive and 59 negative correlations; control

group: 194 correlations including 160 positive and 34 negative
correlations; Fig. 5A, B, and ESI Fig. 4,† respectively). These
results suggested that the DSS treatment could enhance the

Fig. 4 Differential gut microbes and their association with colitis symptoms. Differentially abundant bacterial taxa between (A) the control and
dextran sulfate sodium (DSS) groups; and (B) the DSS and probiotic groups; evaluated by Wilcoxon rank-sum test. (C) Heatmap of the Spearman’s
correlation between the discriminatory species and clinical parameters after the trial. The clinical parameters included the body weight change
(BWC), disease activity index (DAI) score, and histopathology grading (hematoxylin and eosin, HE, stained tissues). The color scale represents corre-
lations; red and blue represent positive and negative correlations, respectively. Significant correlations are marked with *P < 0.05; **P < 0.01.
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gut microbiota interconnectedness, while such effect was
reversed by the probiotic intervention.

3.5. Administering L. fermentum F6 modulated the
functional gut microbial metagenome

To investigate how the functional gut microbiota was associated
with UC remission, we comparatively analyzed the fecal metage-
nomic potential of the three groups using the HUMAnN2 pipeline
with default parameters. The functional fecal metagenome of
both the DSS and probiotic groups had a significantly lower
alpha diversity (represented by Shannon and Simpson’s diversity
indices) than the control group (Fig. 6A and B; P < 0.05),
suggesting that the DSS treatment disrupted the diversity of
MetaCyc pathways encoded in the fecal metagenome, which was
not restored by the probiotic intervention. The beta diversity of
the functional fecal metagenome was analyzed by non-metric
multidimensional scaling (Bray–Curtis dissimilarity distance). On
the score plot, the symbols representing the functional metagen-
ome of the control and DSS groups (but not between the DSS and
probiotic groups) showed a significant group-based clustering
pattern (Adonis test of control and DSS groups: R2 = 0.190, P =
0.029; DSS and probiotic group: R2 = 0.039, P = 0.557; Fig. 6C).
Such results suggested that the DSS treatment disrupted the func-
tional potential of rats’ fecal metagenome, and such effect was
not reversed by the probiotic intervention.

We then investigated the changes in the distribution of
specific MetaCyc pathways of the functional fecal metagenome
of the three groups. Our results identified a total of 277
enriched MetaCyc pathways across all samples; and the top

pathways were involved in adenosine ribonucleotides de novo
biosynthesis (0.12%), starch degradation V (0.09%), and UMP
biosynthesis (0.08%) (ESI Fig. 5†).

Three over-represented and 42 under-represented pathways
were detected in the DSS group compared with the control
group (ESI Fig. 6†). In addition, we identified 13 differential
pathways between the DSS and probiotic groups (Fig. 6D), with
11 pathways enriched in the probiotic group, mainly involved
in amino acid and carbohydrate metabolism. These results
suggested that despite the probiotic intervention did not
restore the functional metagenome of DSS-treated rats to the
original healthy state, it did improve the functional potential
of the intestinal microbiota.

4. Discussion

In the present study, we examined the impact of a probiotic,
L. fermentum F6, on UC using a rat colitis model induced by
DSS. We found that L. fermentum F6 administration could ame-
liorate the disease, as evidenced by the lower DAI, histopathol-
ogy scores, and serum levels of pro-inflammatory cytokines
but higher levels of anti-inflammatory cytokines. Even though
administering L. fermentum F6 did not change the gut micro-
biota diversity, the intestinal abundance of A. muciniphila
notably decreased in the probiotic-supplemented rats com-
pared with the DSS-treated rats. Meanwhile, our correlation
analysis revealed that A. muciniphila was likely involved in the
development of UC. Our study provides intriguing insights
into the pathogenesis of UC.

Fig. 5 Interconnectedness of the gut microbiota of the dextran sulfate sodium (DSS) and probiotic groups. Co-occurrence networks of the (A) DSS
and (B) probiotic groups based on the Spearman correlation algorithms. The node size represents the relative abundance of each bacterial taxon
(arranged clockwise in descending order of abundance along the circle), and the node color indicates phylum. The red and blue lines between
nodes represent negative and positive associations, respectively. Only correlations with absolute values of correlation coefficients above 0.6 and P
values less than 0.05 were shown.
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Differences in the gut microbiota diversity metrics between
healthy and colitis rodents have been widely reported. For
example, when analyzed using multivariate analysis methods

like principal coordinate analysis, experimental colitis mice
induced by 2.5% or 5% DSS showed a distinct difference in
the gut microbiota structure from healthy mice, and a lower

Fig. 6 Changes in functional fecal metagenome in colitis rats after the probiotic intervention. The alpha diversity of the functional fecal metagen-
ome of the control, dextran sulfate sodium (DSS), and probiotic groups was assessed by the (A) Shannon and (B) Simpson’s diversity indices.
Statistical differences were evaluated by Kruskal–Wallis test followed by Wilcoxon rank-sum test. *P < 0.05 and NS (not significant). In the boxplots,
the horizontal line represents the median of the data, the lower and upper bounds of the box represent the 25th and 75th percentile of data, and the
lower and upper whiskers represent the minimum and maximum of the data. The scattered points in the bars and boxes represent the actual data
points. (C) The beta diversity was evaluated by non-metric multidimensional scaling based on the Bray–Curtis dissimilarity. Statistical differences
were calculated with PERMANOVA by 999 permutations. Ellipses represent 95% confidence intervals. (D) Differentially abundant MetaCyc pathways
in the functional fecal metagenome between the DSS and probiotic groups were evaluated by Wilcoxon rank-sum test.
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alpha diversity (assessed by Chao 1, Ace, Shannon, and
Simpson indices) was noted in diseased mice compared with
the healthy ones.14,40 Similar outcomes were also observed in a
rat model of UC induced by 4% DSS supplement.41 The
common features between these studies are that DSS induc-
tion resulted in significantly reduced microbial community
richness and evenness and altered gut microbiota structure. In
our study, we observed obvious changes in the gut microbiota
composition in DSS-treated rats compared with healthy con-
trols, confirming an intestinal dysbiotic state in these rats. The
identification of colitis-associated alterations in the gut micro-
biota would be helpful to further understand how the gut
microbiota relates to the disease onset and pathogenesis.

In fact, some previous studies have used 16S rRNA gene
sequencing to determine the composition of the gut microbiota
in UC. For example, one study reported the enrichment in the
genera Rikenellaceae_RC9_gut_group, Escherichia–Shigella,
Romboutsia, Bacteroides, and Parabacteroides in colitis mice,
whereas the genera Anaeroplasma, Ruminococcaceae_UCG-014,
and Prevotellaceae_UCG-001 showed decreased abundances com-
pared with the control group.42 Another study observed the
under-representation of Lactobacillus, Ligilactobacillus, and
Lachnospiraceae_NK4A136_group but over-representation in
Prevotellaceae_UCG-001 and Bacteroides in DSS-induced mice rela-
tive to healthy mice.43 A third study found that DSS-treated mice
had more Muribaculum, Akkermansia, and Escherichia–Shigella but
fewer Coriobacteriaceae_UCG-002, Lactobacillus, and
Parabacteroides compared with the healthy controls.17 The resolu-
tion of amplicon-based sequencing, however, is restricted to the
genus level, making it difficult to collect information at the
species or strain level, which is essential for shedding light on
the disease pathogenesis. Thus, this work implemented higher-
resolution shotgun metagenomics rather than 16S rRNA gene
sequencing to track the changes in rats’ gut microbiota after DSS
treatment and the probiotic intervention.

Specifically, the fecal microbiota of the DSS group had sig-
nificantly more Bacteroides thetaiotaomicron, Bacteroides fragi-
lis, Mucispirillum schaedleri, Alistipes onderdonkii, and
Anaerofustis stercorihominis, but fewer Lactobacillus sp. ASF360,
Bacteroides massiliensis, Bacteroides uniformis, Bacteroides dorei,
Parabacteroides distasonis, and Bacteroidales bacterium ph8
than that of the control group. The species Mucispirillum schae-
dleri enriched in the DSS-induced rats might link to UC patho-
genesis as a previous study have shown that Mucispirillum
schaedleri could drive the development of Crohn’s disease-like
colitis in mice with severe immune deficiency.44 Moreover,
consistent with previously reported studies,17,18,43 our study
also confirmed an inverse correlation between the genus
Lactobacillus and UC, which is worth further investigating in
future studies. Parabacteroides distasonis is a species that is
often associated with different health statuses. For example, it
was diminished in patients with rheumatoid arthritis and
hepatic fibrosis, and administering this bacterium could ame-
liorate disease pathogenesis in mouse models.45,46 On the
other hand, Parabacteroides distasonis administration exerted
beneficial effects in diseases such as type 2 diabetes47 and

non-alcoholic steatohepatitis.48 Although our data revealed
that Parabacteroides distasonis was diminished in DSS-induced
rats, its impact on disease is unclear. Notably, several
Bacteroides species exhibited opposite patterns of intestinal
abundance in DSS-induced rats in this study, highlighting the
importance and value of identifying microorganisms at a
greater taxonomic resolution. The differential bacterial species
identified in healthy and colitis rats deserve further attention
in future studies to determine whether they are beneficial or
harmful to the disease.

Given that gut dysbiosis is associated with UC, attempts to
engineer gut microbiota to reach a premorbid state might
open up new therapeutic avenues for managing UC. This
notion has given rise to much research on manipulating the
gut microbial community to ameliorate UC, especially with
probiotic intervention.15,19,49–52 These studies showed that pro-
biotic administration can beneficially modulate the host gut
microbiota by promoting the beneficial microbes (such as
Clostridium sensu stricto-1 and Butyricicoccus) while reducing
the harmful ones (such as Escherichia–Shigella).52 A surprising
observation in our study is that administering L. fermentum F6
specifically decreased the intestinal abundance of
A. muciniphila, and the species was positively correlated with
the severity of colitis. A diminished abundance of gut
A. muciniphila was seen in various diseases,53 but some studies
reported the opposite result (summarized in ESI Table 3†). For
instance, some recent experimental evidence noted a marked
increase in the intestinal abundance of A. muciniphila in DSS-
induced colitis mice compared with healthy controls.17–23 In
addition to UC, this phenomenon was also seen in some neu-
rodegenerative disorders, such as multiple sclerosis54,55 and
Parkinson’s disease.56,57 Our study also observed an elevated
level of gut A. muciniphila in DSS-treated rats, although no sig-
nificant difference was seen between the control and DSS
groups (ESI Fig. 7†). A. muciniphila is increasingly recognized
as a next-generation probiotic,58 but its role in diseases includ-
ing UC remains to be clarified. Overall, our study suggested
that administering probiotics can modulate the gut microbiota
composition, and the capacity to accurately regulate species
that trigger or aggravate the disease would be a crucial basis
for probiotic-based precision therapy for gut-related diseases.

Another interesting observation of this work was that the
DSS-induced gut dysbiosis was accompanied not only by an
abnormal shift of the gut microbiota but also an enhanced
interconnectedness of the overall gut microbiota compared
with that of the healthy rats. Moreover, this stronger intercon-
nectedness among the gut microorganisms was abated by pro-
biotic intake. The relationship between dysbiosis and the inter-
connectedness of the gut microbiota and their impact on dis-
eases remain obscure and warrant further study.

On the one hand, even though we observed a positive
association between A. muciniphila and the pathogenesis of
colitis, we were unable to prove the causality of A. muciniphila
in the disease, which might need to be validated in a separate
experiment by exogenous supplementation of A. muciniphila to
the DSS-treated rats with and without receiving the probiotic
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intervention. On the other hand, despite our seminal demon-
stration that probiotics could specifically regulate individual
gut microbes, whether this function is generalizable in other
colitis models or diseases requires further investigation.
Nonetheless, our study offers valuable insights into target
modulation of gut microbes of interest or disease causation to
change the course of the disease (Fig. 7), which is an essential
basis for precision probiotic therapies.
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